A general technique has been demonstrated at microwave and submillimeter-wave frequencies for photoconductive sampling in the frequency domain using photomixers and continuous-wave laser diodes. A microwave version in which two photomixers were coupled by a transmission line was developed to quantitatively test the concept from 0.05 to 26.5 GHz. A quasioptical version using antenna-coupled photomixers was demonstrated from 25 GHz to 2 THz. Such a system can outperform systems based on time-domain photoconductive sampling in frequency resolution, spectral brightness, system size, and cost. © 1998 American Institute of Physics.
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In the time domain, photoconductive sampling has been used by many groups for terahertz spectroscopy in free space and on transmission lines. These systems consist of two fast photoconductive switches that are excited by a mode-locked laser and are coupled to each other via antennas or a transmission line. In the frequency domain, photomixers that use low-temperature-grown GaAs ͑LTG-GaAs͒ photoconductors illuminated by two continuous-wave ͑cw͒ diode lasers have generated cw difference-frequency radiation from a few MHz to 5 THz.
1 These sources have applications such as broadly tunable local oscillators for submillimeter-wave receivers 2 and systems for high-resolution gas spectroscopy when coupled to a cryogenic detector such as a bolometer. 3, 4 Until now, there has not been a demonstration of photoconductive sampling for detection of cw THz waves using photomixers. This letter describes a photomixer transceiver that performs photoconductive sampling in the frequency domain. For spectroscopy applications that require narrow linewidth (Ͻ1 MHz), this technique can offer significant improvement in frequency resolution and spectral brightness over time-domain sampling. Furthermore, the system is coherent, widely tunable, and can be compact-using inexpensive laser diodes that are fiber coupled to the photomixer transmitter and receiver chips. Figure 1͑a͒ is a diagram of the experimental setup that was used to test the concept at microwave frequencies. The combined light (Ϸ850 nm) from a pair of distributedBragg-reflector laser diodes is split in half and fiber coupled to each photomixer. Each LTG-GaAs photomixer comprises a 20ϫ20 m active region with 0.2-m-wide interdigitated electrodes with gap spacings of 0.6 m for the transmitter and of 0.4 m for the receiver. The photomixers used epitaxial layers of LTG-GaAs grown by molecular-beam epitaxy on GaAs substrates and had photocarrier lifetimes of 0.2-0.3 ps. 5 The transmitter is dc biased through a broadband bias tee and, therefore, develops an ac current across the electrodes when the photoconductance is modulated at the difference ͑beat͒ frequency of the two laser beams. Some of the resulting microwave power is launched onto a coplanar waveguide which transitions into a 50 ⍀ coaxial line that is connected in similar fashion to the receiver, which is unbiased. At the receiver end, the optical beating periodically raises the photoconductance such that a small amount of unipolar current flows out through the bias tee and into the dc current amplifier. This action is equivalent to homodyne detection of the rf electric field. Figure 1͑b͒ The transmitter is dc biased and a dc current amplifier measures the homodyne-detected current. ͑b͒ ͑i͒ Measured homodyne signal as a function of the dc-voltage bias on the transmitter chip. The symbols show the calculated homodyne signal. ͑ii͒ Measured dc photocurrent. Note how its shape tracks the homodyne signal. ͑iii͒ Measured rf power from the transmitter using a spectrum analyzer ͑not shown͒. VOLUME 73, NUMBER 26 28 DECEMBER 1998 In contrast to a photoconductive switch driven with a pulsed laser, the photomixer rf impedance is relatively high during cw illumination Z t ϭV t /I t Ϸ10Ϫ30 k⍀. Here, V t is the dc voltage across the transmitter that generates a dc photocurrent I t when illuminated by two lasers. In the limit of mismatched impedances, the rf voltage on the transmission line available to the receiver is approximately v(t) ϭV t (Z 0 /Z t )cos(t), where Z 0 is the impedance of the transmission line and is the detuning frequency of the two lasers. Because of the isolator shown in Fig. 1͑a͒ , standing waves between the transmitter and receiver are attenuated. In this case, the dc current measured with an identical photomixer at the receiver in response to
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Here, d is the deviation from zeropath difference ͑ZPD͒ between the two lengths of optical fiber between the beam splitter and the photomixers, and c is the speed of light. Note that I r (d) is proportional to the transmitted rf voltage if the variable substitution d→ct is made. Therefore, the phase of I r (d) measured while dithering d with a short delay line corresponds to the temporal phase of the transmitted voltage wave. Therefore, the receiver is a linear detector of the transmitted wave in the same sense that time-domain sampling performs a linear detection of the transmitted voltage pulse. Contrast this with the power measured by a direct detector ͑such as a spectrum analyzer with input impedance Z sa ). In that case, P meas ϭI t 2 Z 0 2 /2Z sa and P meas is proportional to ͉v(t)͉ 2 but all phase information is lost. The symbols in Fig. 1͑b͒ result from a calculation of the homodyne-detected signal using as input parameters the transmitter bias voltage and the dc photoconductances of the transmitter and receiver. Agreement between theory and measurement is close, in part because there are no free-space beams and associated coupling losses.
6
Two antenna-coupled photomixers were used to test a quasioptical version of the photomixer transceiver ͓Fig. 2͑a͔͒ at terahertz frequencies. Such an implementation, for example, could be used for measuring the transmission of trace gases through an air column. Planar log-spiral antennas were patterned in Ti/Au films by optical lithography on the LTGGaAs surface. Electron-beam lithography was used to define an 8ϫ8 m active area with 0.2-m-wide electrodes at the drive point of the antenna. The electrodes were separated by 0.8-m gaps for the transmitter chip and by 1.5 m gaps for the receiver. The photomixers were mounted on siliconhyperhemisphere lenses so that they opposed each other, separated by 6 cm. The emitted radiation from two tunable cw Ti:sapphire lasers was combined with a beam splitter. Half of the combined beam passed through a variable delay line and was coupled into a fiber that was pigtailed to the receiver. The other half passed through a chopper before entering a fiber that was coupled to the transmitter. Each photomixer was pumped by approximately 35 mW of optical power and the transmitter was dc biased at 15 V resulting in a dc photocurrent of 300 A. Figure 2͑b͒ shows the homodyne signal amplitude as a function of frequency. The signal is relatively flat to 600 GHz and then rolls off until it is detectable with a signal-tonoise ratio of ϳ3 at 2 THz.
7 With higher-power photomixers optimized for high-frequency operation, this upper frequency should extend beyond 2 THz.
2 At low frequencies (Ͻ1 THz), the ratio of the signal to the background noise was high and the measurement was dominated by multiplicative noise from the lasers. Residual intensity noise on the laser was a few percent, caused by the fluctuations on the Ar pump laser. The current source driving the diode lasers used for the microwave experiment described above contributes relative intensity noise Ͻ10 Ϫ4 in a 200 kHz noise bandwidth. A second noise contribution arises from frequency jitter of the lasers. Since this system is highly coherent, standing waves are always present. Standing waves provide a mechanism for converting frequency jitter to amplitude noise on the detected homodyne signal. Most of these effects could be mitigated by using Gaussian reimaging optics and stabilized lasers.
An important capability of the photomixer transceiver is the measurement of amplitude and phase of the transmitted electric field. This allows measurement of the real and imaginary components of the linear response of a medium ͑e.g., ⑀ 1 ϩi⑀ 2 ) or of a device ͑e.g., complex S parameters͒. A transmission measurement through an inductive-mesh filter 8 was performed to demonstrate this capability. Figure 3 shows the amplitude and phase of the electric-field transmission coefficient ͉()͉exp i() as a function of detuning frequency between the two lasers. The amplitude ͉ ͉ was determined by dithering the ZPD offset d and obtaining the ratio of the fringe amplitudes with the sample in and out of the beam. The inset in Fig. 3͑a͒ shows the fringe pattern with the mesh in the beam ͑i͒ and out of the beam ͑ii͒. The phase ϭ(d 1 Ϫd 2 )/c was determined by measuring the change in path between zeroes in the fringe pattern. For high frequencies, where noise is an issue, these quantities are better FIG. 2 . ͑a͒ Schematic of the quasioptical implementation. Two cw Ti:sapphire lasers were used since their tuning range exceeded that of the available diode lasers. A pair of tunable diode lasers was used previously ͑unpub-lished͒ with this setup. ͑b͒ Homodyne signal plotted vs the difference frequency between the two lasers. Between the microwave and quasioptical systems, the photomixer transceivers covered over three orders of magnitude in frequency.
estimated by Fourier transforming the fringe patterns to extract phase and amplitude values. The solid lines in Figs. 3͑a͒ and 3͑b͒ show curves that were calculated using the approximate theory derived by Lee et al. 9 The general trends in the calculated curves are reproduced by the transceiver measurements. The signal-to-noise ratio in these data was high and the values were reproducible. The scatter between points was systematic and presumably resulted from standing waves in the present quasioptical system. Fourier-transform infrared ͑FTIR͒ spectrometers are often used for infrared analysis of gases with resolving power /␦Ϸ10 4 or higher. For the far-infrared and submillimeter bands, an equivalent resolving power demands long travel for the scanning mirror. For example, resolving a 1 THz feature with 100 MHz resolution (/␦ϳ10 4 ) requires a mirror travel of 1.5 m. For a typical spectrometer designed for high resolving power, the maximum available power in this band is 2ϫ10 Ϫ11 W. 10 Such low power requires a liquid-helium-cooled detector. This is in contrast to ϳ10 Ϫ6 W available from a photomixer in a band that is less than 1 MHz wide. Already, researchers have used photomixers with bolometers to perform gas spectroscopy with resolution (/␦ϳ10 6 ) that would require Ͼ100 m of mirror travel in a FTIR spectrometer.
3,4 The photomixer transceiver should offer an equivalent capability, but with the size and cost advantages of a compact, room-temperature system.
In time-domain sampling, a train of wide-bandwidth pulses with low duty cycle (ϳ10 Ϫ4 ) carries the THz radiation. The peak pulse power is relatively high and the receiver switch acts like an ultrafast boxcar integrator with high signal-to-noise ratio. However, the power available in a 1 MHz band is reduced by a factor as large as the duty cycle ͑typically, ϳ10
Ϫ4 ) compared to that available in an equivalent photomixing experiment.
11 Furthermore, without continuous tuning of the laser cavity length, the minimum frequency resolution is the free-spectral range of the laser cavity ͑typically, ϳ80 MHz for mode-locked Ti:sapphire lasers͒. In frequency-domain sampling with photomixers, it is the homodyne action of the receiver that restricts the noise bandwidth in the same fashion as for a lock-in amplifier. Hence, there is a tremendous reduction in noise bandwidth compared to using a direct detector such as a bolometer and the receiver switch does not need cooling. Many of the applications that have been suggested for time-domain systems ͑e.g., T-ray imaging and other linear spectroscopy͒ could, in principle, be performed with the photomixer transceiver.
12
In summary, a technique has been demonstrated at microwave ͑0.1-26.5 GHz͒ and submillimeter-wave frequencies ͑25 GHz-2 THz͒ for photoconductive sampling in the frequency domain using photomixers and cw lasers. With more optimized photomixers, 13 the upper frequency range is expected to exceed 3 THz. , and resolution bandwidth 100 MHz. 11 The spectral-brightness factor is the duty cycle (10 Ϫ4 ) if time-domain and frequency-domain sampling are performed with identical antennas of a given radiation resistance that is impedance matched to the photoconductor resistance during illumination. In practical systems, an impedance match is difficult to accomplish with cw photomixing, and the realizable advantage for photomixing in spectral brightness will be closer to ϳ10 2 . 12 M. C. Nuss, IEEE Circuits Devices Mag. 12, 25 ͑1996͒. 
